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(57) ABSTRACT

Method for receiving data packet transmissions, wherein
synchronization with a transmitter 1s accomplished based on
detection of a preamble transmitted by the transmaitter. A
time multiplexing scheduling of a single hardware receiver
arrangement 1s used, and the time multiplexing scheduling
has a main time slot comprising a first listen period and a
second listen period following the first listen period. In the
first listen period a first type of synchronization detection 1s
executed (e.g. IEEE 802.15.4), and in the second listen
period a second type of synchronization detection different
from the first type of synchronization detection 1s executed

(e.g. BLE).
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1
CONCURRENT MULTI-RADIO RECEIVER

This application 1s a 35 USC 371 national phase filing of
PCT/NL2015/050794, filed Nov. 12, 2015, the disclosure of
which 1s 1incorporated herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The present invention relates to a method for receiving
data packet transmissions, wherein synchronization with a
transmitter 1s accomplished based on detection of a pre-
amble transmitted by the transmuitter. In a further aspect, the
present invention relates to a concurrent multi-radio recerver
comprising an antenna input for receiving transmitted data
blocks associated with either a first type of synchronization
detection or a second type of synchronization detection
different from the first type, and a processing unit connected
to the antenna nput.

PRIOR ART

International patent publication W0O2009/093892 dis-
closes a method and arrangement for determining a charac-
teristic form of an input signal, 1n particular a preamble
signal having a sequence of M similar data symbols. This
may be applied specifically in low data rate RF communi-

cation networks, such as networks employing the IEEE
802.15.4 standard.

SUMMARY OF THE

INVENTION

The present mvention seeks to provide a solution to
receive transmissions from two types of transmitters using a
single hardware architecture 1n the receiver. The term ‘type
of transmitter” in this document applies to the transmitters
using different standards, e.g. using a different physical layer
with different preambles and modulation schemes.

According to the present invention, a method according to
the preamble defined above 1s provided, wherein the method
turther comprises using a time multiplexing scheduling of a
single hardware receiver arrangement, the time multiplexing
scheduling having a main time slot comprising a {irst listen
period and a second listen period following the first listen
period, wherein in the first listen period a first type of
synchronization detection 1s executed, and in the second
listen period a second type of synchronization detection
different from the first type of synchronization detection 1s
executed. It 1s noted that synchronization detection also
encompasses 1dentification.

The first type of synchronization detection may be asso-
ciated with a spread spectrum based transmission, €.g. based
on the IEEE 802.15.4 (ZigBee) standard. The second type of
synchronization detection may be associated with a non
spread spectrum based transmission, such as Bluetooth or

BLE (Bluetooth Low Energy).

SHORT DESCRIPTION OF DRAWINGS

The present mnvention will be discussed in more detail
below, using a number of exemplary embodiments, with
reference to the attached drawings, in which

FIG. 1 shows a schematic diagram of a system employing
two different types ol synchronization detection in a single
hardware receiver;

FIGS. 2a and 26 show preamble structures of two pre-
ambles associated with different types of synchronization
detection;
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FIG. 3a-/ show embodiments of time multiplexing sched-
ules according to the present mnvention;

FIG. 4 shows an explanatory diagram of concurrent radio
reception;

FIG. 5 shows a timing diagram of a second type of
synchronization detection as used in an embodiment of the
present 1nvention;

FIG. 6 shows a timing diagram of a first type of synchro-
nization detection as used in an embodiment of the present
invention; and

FIGS. 7 and 8 show two possible implementation variants
of a correlation based synchronization detection scheme.

DETAILED DESCRIPTION OF
EMBODIMENTS

EXEMPLARY

it

Various embodiments of a cost-eflective low-power
receiver are described below, which can listen for data
packets originating from transmitters using two diflerent
types of standards/protocols, e.g. IEEE 802.15.4 packets (as
used by ZigBee or Thread) and Bluetooth Low Energy
(BLE) packets. Presently available solutions use either two
separate radio receivers, or recervers which are e.g. software
configurable for reception of one of multiple (two) types of
standards/protocol transmissions. The first type 1s relatively
expensive (requires double the amount of hardware) and the
other 1s not capable of autonomous concurrent reception.
E.g. chips implementing such a receiver have to explicitly
choose to listen for either BLE or IEEE 802.15.4 packets.
The disclosed invention embodiments as described below
can concurrently listen for BLE packets and 802.15.4 pack-
cts using a single radio recerver.

In FIG. 1 a schematic diagram i1s shown of a system
employing two standards/protocols for data transmission. A
receiver 2 with an associated antenna 5 1s capable of
receiving data packets from either a first type of transmuitter
3 (Tx1) or a second type of transmitter 4 (1x2), each having
an associated antenna 6, 7, respectively. It 1s noted that the
receiver 2 may be fitted with a secondary antenna 34, €.g. in
order to be able to implement an antenna diversity scheme.
Furthermore, the receiver 2 comprises a processing unit 8
connected to the antenna 5 (and secondary antenna 5a), or
to an antenna mput allowing connection to the antenna 5.
The processing unit 1s arranged to execute any one of the
method embodiments described below. The receiver 2 may
turther comprise a hard-limiting radio front-end 9 connected
between the antenna input and the processing unit 8, the
function of which will be explained below.

A possible implementation of such a system using two
different standards/protocols could be that all the lights 1n a
house are connected to a network operating with IEEE
802.15.4 (such as ZigBee or Thread). For example ZigBee
Light Link (ZLL) 1s the networking protocol. At the same
time that all the lights are connected to and listening to
frequency channels of the ZLL network, they are simulta-
neously listening to (scanning) the BLE channels for new
connections. In this manner, the user can control the lights
in his proximity via a BLE radio 1n e.g. their smart-phone or
tablet, while the ZigBee network ensures that all lights in the
home are connected and can adapt their state accordingly.
For example, 11 the user leaves the house he can send a “turn
all lights oft” BLE command to a nearby light using a touch
or voice recognition feature on the smart phone, and this
information can then be relayed to the larger ZLL network
ensuring that all lights 1n the house are notified to turn off.

FIG. 2a shows the timing sequence ol an exemplary

spread spectrum data transmission scheme, in this case
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specifically of an IEEE 802.15.4 RF channel, where 1n the

preamble of the data packet, a preamble data symbol of 16
us 1s repeated (e.g. 8 times, the first two shown as ‘802.15.4
Pre. Symbol 1 (16 us)” and ‘802.15.4 Pre. Symbol 2 (16 us)’)
to form an entire preamble part of a data packet. FIG. 25
shows a preamble of a data packet used 1n a different type
ol protocol/standard being used, 1n this specific case Blu-
ctooth Low Energy (BLE). Here, a BLE preamble of 8 us

(‘BLE Pre. (8 us)’) 1s followed by a BLE Access Address
taking 32 us (‘BLE Access Address (32 us)’). In many
applications, the BLE Access Address part 1s known or
predictable, and can be used as an extended preamble
allowing a longer available time to detect the preamble of
such a transmission.

In generic terms and shown schematically in the timeline
of FIG. 3a, the present invention relates to a method for
receiving data packet transmissions, wherein synchroniza-
tion with a transmuitter 1s accomplished based on detection of
a preamble transmitted by the transmitter. The method
turther comprises using a time multiplexing scheduling of a
single hardware receiver arrangement, the time multiplexing
scheduling having a main time slot comprising a first listen
period T1 and a second listen period T2 following the first
listen period T1. In the first listen period T1 a first type of
synchronization detection 1s executed, and in the second
listen period T2 a second type of synchronization detection
different from the first type of synchronization detection 1s
executed. Synchronization detection herein 1s understood as
the first step 1n an RF data packet communication set-up, and
1s understood to also encompass e.g. 1dentification of the
transmitter or transmitted data packet.

The first type of synchronization detection 1s €.g. associ-
ated with a spread spectrum based transmission, such as
IEEE 802.15.4 based transmissions, €.g. ZigBee. The second
type of synchronization detection may be associated with a
non spread spectrum based transmission, €.g. Bluetooth or
BLE based transmissions. Having different types of syn-
chronization detection allows to eflectively and concurrently
listen to two types of data packet transmissions with a high
possibility of proper detection. E.g. when a detectable part
(preamble) of a data packet transmission using the second
type of synchronization detection 1s longer than a detectable
part (preamble) of a data packet transmission using the first
type of synchronization detection, it 1s possible to ensure
that no preamble will be left undetected, even 1f the pre-
ambles of both transmitters would start at exactly the same
time. In that case, the preamble using the second type of
synchronization detection will still be ongoing after the first
listen period 11 has ended, and the transition to the second
listen period T2 has been made.

In a further embodiment, the first type of synchromization
detection 1s based on detecting a data symbol in a preamble
of the data packet, and the duration of the time slot 1s
suilicient for detection of the data symbol. In other words,
the total duration of the time slot (T1+12) 1s sufliciently long
for processing correlation calculations related to the first
type of synchronization 1n the second listen period T2, after
receiving the data symbol in the first listen period T1.

FI1G. 3a-# show a few possible time-multiplexing sched-
ules implementing the multi-standard listening method
embodiments of the present invention. In this case the
examples are related to the IEEE 802.15.4 preamble and
BLE preamble/access code structures as shown 1n FIGS. 2a
and 2b for reference. In each example, a {irst slot represents
the time spent listening to an IEEE 802.15.4 RF channel
(used 1n ZigBee or Thread), 1.e. a first listen period T1, and
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a second slot represents the time spent listening to a BLE RF
channel, 1.e. a second listen period T2.

A black part Ts on each time line represents the time
needed to switch between listening from one standard to the
other. In practice, depending on the design of the RF radio
front-end 1n the receiver 2, this switching time Ts can be
dependent on an RF analogue filter response, a time period
needed for a frequency synthesizer of the receiver 2 to settle
to a new frequency, or the time needed for any gain control
mechanism of the receiver 2 to converge. In general terms,
the time slot may comprise a switching time period, e.g.
between a first listen period T1 and a subsequent second
listen period T2 (and between a second listen period T2 and
a subsequent first listen period T1).

As an element of the present invention embodiments, the
time multiplexing schedule should be such that the radio
receiver 2 1s arranged not to listen to the RF channel of one
standard for a period of time that i1s longer than the other
standard’s preamble. For example, 1f listening to the IEEE
802.15.4 channel for 16 us (as in the schedule shown 1n FIG.
3a), the arrival time of the much shorter 8 us BLE could be
missed. On the other hand, in the case of BLE, the access
address 1s known by the receiver 2 and can therefore be used
as an extension of the BLE preamble in the detection
process. By using the access address in this manner, the
present invention time slot (11+12) could even be extended
to be as long as the entire 8 us BLE preamble+32 us access
address (1.¢. 40 us) without a risk of missing the BLE packet.
Thus, the listening schedule as shown 1n FIG. 3a wherein the
first listen period T1 1s equal to second listen period T2 (T1
and T2 both 16 us) 1s still possible. While this approach has
the drawback that a portion of the access address will not be
decoded by the receiver 2, 1t can lead to important perfor-
mance and complexity benefits as discussed further in the
following sections.

Following the above, in a specific embodiment, the sec-
ond type of synchromization detection 1s associated with a
non spread spectrum based transmission, such as Bluetooth
or BLE, wherein synchronization detection includes a syn-
chronization on a preamble and access address part of a
received data packet.

Alternatively, the listening schedule can be chosen so that
the BLE and/or IEEE 802.15.4 preambles are gathered in
shorter time-slots which are then combined to perform the
detection. In a further embodiment, the first listen period T1
and the second listen period T2 are sub-divided in inter-
leaved first listen sub-periods T1' and second listen sub-
periods T2,

One example of this 1s shown by the schedule of FIG. 35
where each standard 1s listened to for about 4 us (1.¢. the first
and second sub-periods T1' and T2' are both equal to 4 us
(with each time a switching time period Ts 1n between). Each
sub-period T1', T2' 1s too short for reliable detection by
itself, however, multiple sub-periods T1', T2' are combined
together and used as part of the detection process. More
detailed methods for achieving this are discussed below.

Further alternative timing embodiments can be envisaged,
¢.g. wherein the time slot comprises n first listen sub-periods
T1' and n second listen sub-periods T2', n being an integer
larger than 1. The example where n=4 1s the timing diagram
shown 1n FIG. 35, and the example where n=3 1s shown 1n
FIG. 3d, with equal sub-periods T1', T2' of 3.3 us.

One further particular exemplary embodiment of a sched-
ule 1s shown i1n the timing diagram of FIG. 3c¢. Instead of
switching back and forth between BLE and IEEE 802.15 .4
in a regular manner (as 1n the embodiments shown 1 FIGS.
3a, b and d), two second listen sub-periods T2' are allocated
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adjacent to each other. This optimization also ensures that a
complete IEEE 802.15.4 preamble symbol interval 1s gath-
ered for analysis, as will be explained in further detail with
reference to FIG. 4 below. More generically, two of the first
or second listen sub-periods T1', T2' are concatenated 1n this
embodiment, 1.e. two second listen sub-periods T2' are
adjacent to each other as shown 1n FI1G. 3¢ (as an alternative
of course this could also apply to two of the first listen
sub-periods T1'. In different terms, a second half of the first
and second listen sub-periods T1', T2' 1s reversed 1n time
order from a first half of the first and second listen sub-
periods T1', T2'.

The top line of FIG. 4 shows a particular arrival time of
an IEEE 802.15.4 packet having two subsequent preambles
symbols relative to the two different listening schedules as
shown 1n FIG. 36 and FIG. 3c¢. The IEEE 802.15.4 preamble
consists of a repeating pattern of eight 16 us preamble
symbols (only two are shown) each having the same direct-
sequence spread spectrum code. For demonstration pur-
poses, each preamble symbol has been divided into four
parts labelled “A” through “D” 1n FI1G. 4. If listening to the
two different types of standards/protocols using a regular
pattern (embodiment of FIG. 35, line labelled ‘1.” 1n FIG. 4),
only samples would be gathered of the preamble symbol
code from parts “A” and “C”, while missing the information
in parts “B” and “D”. Note that this would assume an almost
zero switching time Ts between each change-over from the
first type of synchronization detection to the second one and
vice-versa.

An mmproved scheme 1s the embodiment shown FIG. 3¢
(or line labelled ‘2. 1n FIG. 4) where the multiplexing
schedule has been altered to ensure all parts of an IEEE
802.15.4 preamble symbol (“A”-“D”) are gathered for
analysis. Note that since IEEE 802.15.4 uses an 8 times
repeated preamble symbol which consists of 32 code ele-
ments, the same arguments apply regardless of the arrival
time of the data packet. There are several advantages for
collecting signal samples over a time interval corresponding
to one preamble symbol interval for analysis, as 1t 1s possible
to take advantage of the properties of 32 code element
sequence of a preamble symbol, the repeated 32 code
clement sequence 1s always the same yielding more predict-
able performance, and covering with signal samples during
the duration of one preamble symbol interval always the 32
code element sequence can reduce computational complex-
ity.

For practical applications, the following observations can
be made. First, the IEEE 802.15.4 preamble symbol code
sequence used in the physical layer preamble 1s poorly
correlated with a narrowband interferer. However, 1f only a
portion of the code i1s used, the code’s CW interference
rejection properties can be severely compromised. Further-
more, examination of IEEE 802.15.4 partial code sequences
reveal low frequency portions containing less timing infor-
mation. This can result in less accurate timing/frequency
acquisition accuracy and hence reduced sensitivity. Second,
by obtaining a complete synchronization symbol A-D, pre-
dictable performance may be achieved regardless of when
the packet arrives. This eases development and allows the
designer to optimize performance for a particular received
sequence. However, 11 only a partial symbol 1s used, several
sequences can show up 1n the analysis window depending on
the arrival time of the packet. This complicates the design
and potentially reduces sensitivity. Third, 11 a complete code
sequence 1s collected, this can allow for hardware simplifi-
cation during any subsequent analysis mvolving cross-cor-
relation against the known sequence. This aspect 1s dis-
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cussed 1n more detail below. It 1s noted that the multiplexing
schedule shown 1n FIG. 3¢ 1s not the only schedule which
will ensure a complete preamble period 1s collected for
analysis. For example, the multiplexing schedule shown 1n
FIG. 3d achieves the same goal. In this case, the IEEE
802.15.4 preamble symbol interval 1s split into three 5.3 us
parts mstead of four 4 us parts. Combining fewer time-slots
for packet detection can provide some performance and
complexity advantages.

In further embodiment, as shown in the exemplary timing,
diagrams 1n FIG. 3e-£, the first listen period T1 1s longer
than the second listen period 12, e.g. T1=16 us and T2=4 us.
This embodiment e.g. allows to listen to the better sensitivity
standard for a longer time 11 compared to the standard
having a worse sensitivity. For example, the IEEE 802.15.4
standard tends to operate at a much lower SNR requiring a
longer listening period T1 to gather suflicient energy for
reliable preamble or synchronization detection. In contrast,
BLE operates at a much higher SNR enabling simple and
fast packet detection mechamisms (see below). E.g. the
listening schedule as shown in FIG. 3¢ may be more
appropriate where the BLE time slot (second listen period
12) 1s kept very short while a much longer period of time 1s
used to listen to IEEE 802.15.4 (first listen period T1). This
allows for more robust detection of IEEE 802.15.4 and/or
the introduction of further embodiments, exploiting sleep,
multi-channel listening, or antenna diversity features.

In further alternative embodiments, during the first listen
period T1 the first type of synchronization detection com-
prises one of a plurality of first type synchronization detec-
tion classes, such as active/sleep (FIG. 3/); channel diversity
(FI1G. 3g, indicated by channel 1/channel 2); antenna diver-
sity (FI1G. 3/, indicated by channel 1/antenna 1, channel
1/antenna 2), or even further combinations thereof.

The time multiplexing schedule does not always need to
be searching for packets during each and every first listen
period T1. Since many of the packet detection algorithms
proposed 1n the following section can reliably detect a
packet 1n only one single IEEE 802.15 .4 preamble symbol of
the eight preamble symbols provided, 1t 1s possible for the
radio to enter 1into a sleep mode for one or more {irst listen
periods T1 without missing packets (as shown in FIG. 3f).
This can result 1n a substantial power savings.

It 1s also noted that the time multiplexing schedule 1s not
necessarlly only searching for packets at two diflerent
frequencies corresponding to two standards. Rather, the
frequency channel can be varied to monitor a broad range of
channels 1n one or both standards. For example, the BLE
time slots might cycle between the three advertisement
channels looking for packets. Similarly, one of the IEEE
802.15.4 time slots might be momitoring tratic on one
network while another time slot 1s used to search for new
network connections on another frequency channel (sched-
ule as shown i FIG. 3g). In addition, 1f a radio system 1s
equipped with multiple antennas, the same channel can be
listened to with a different antenna (e.g. the further antenna
5a of receiver 2 as shown 1 FIG. 1) to provide spatial
diversity benefits (schedule as shown i FIG. 34).

Furthermore, the scheduling of the first and second listen
(sub-)periods T1, T2; T1', T2' can be adjusted in real-time
depending on current application demands or current radio
conditions. For example, the radio may only listen periodi-
cally for the presence of an IEEE 802.15.4 network. Once
the network 1s found, the radio may adjust its time multi-
plexing schedule to have less “sleep” first listen periods T1
and listen more often to the newly-discovered IEEE
802.15.4 network. Similarly, 1f a very strong interferer
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blocking communication 1s 1dentified on a first/second listen
pertod T1, T2, the schedule can be adjusted at run time to
modily, reduce or lengthen first/second listen periods 11, T2
as needed for best performance.

After several samples are collected for analysis according
to an approprla‘[e time multiplexing schedule as discussed 1n
the previous section, the samples need to be analysed to
determine 11 a packet has arrived. Typically, the analysis of
the samples collected 1n the previous listen period T1; T2
from one standard will occur at the same time that data 1s
collected 1n the current listen period T2; T1 from the other
standard. In one embodiment, the method further comprises
storing data received during a second listen period T2, and
processing the stored data during a subsequent first listen
pertod T1, and vice versa. As the first and second listen
pertod T1, T2 are subsequent to each other, also the other
situation may occur, 1.e. the method further comprises
storing data received during a first listen period T1, and
processing the stored data during a subsequent second listen
period T2.

This has the advantage that the analysis hardware 1n the
receiver 2 can be re-used for both standards/protocols, and
ensures the processing will be completed on time to begin
detection of a packet at the start of the next time slot. While
not strictly necessary, the algorithms described below are
compatible with a hard-limiting radio front-end 9 as part of
the receiver 2 (see FIG. 1). In addition to reducing the
computational complexity of the digital part, the advantage
of using a hard-limiting radio front-end 9 1n the context of
a concurrent radio receiver 2 1s that no automatic gain
control (AGC) 1s needed. This allows for both a simplifica-
tion of the RF front-end 9, and more importantly for
concurrent radio reception, faster switching time between
standards/protocols since an AGC system will require time
to converge to new gain settings.

In FIG. 5 the timing for reception and processing 1s
indicated for the second type of synchronization detection,
in this specific example for reception of BLE data packets.
This timing diagram shows a worst-case timing for BLE
detection. The top line shows the listening schedule between
BLE and ZigBee, wherein a first listen period T1 and a
second listen period T2 alternate and have the same length.
In this basic scheme, 16 us are used to listen to ZigBee
followed by 16 us to listen to BLE. There 1s a 1 us switching
time. During the BLE slot, 1.e. second listen period T2,
packets are detected by analyzing the RSSI of the recerved
signal. I there 1s a step-increase in the RSSI (as indicated 1n
the second line 1n FIG. §), this indicates a packet has arrived
and the BLE detection process 1s started. It takes about 4 us
for the analogue RSSI measurement circuit to settle, fol-
lowed by 4 us for the (RSSI) ADC conversion time (shown
on the diagram of FIG. 5 on the third line). The bottom line
shows the worst-case BLE preamble arrival time. The BLE
preamble plus access address consists of 40 symbols, each
1 us long: 8 preamble symbols and 32 (known) access
address symbols. If detecting the BLE preamble 1s just
missed after 4 us, the BLE preamble will be detected again
at symbol 33. All the data starting from symbol 24 (after the
switching for BLE) will be stored in a FIFO and should be
available for the subsequent DSP processing. This gives us
a total of 17 symbols for the radio to acquire timing,
frequency, and frame synchromzation to robustly demodu-
late the rest of the BLE packet.

In FIG. 6 the comparable timing 1s shown for the first type
ol synchronization detection, in this specific example Zig-
Bee data packets. Also 1n this example, equal durations are
used for the first listen period T1 and second listen period
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12, as shown 1 the top line. The second line shows a ZigBee
data packet preamble being present, received and stored
during a first listen period T1, followed by a correlation
processing period as indicated on the third line during a
second listen period T2. Again, the bottom line shows a
worst case timing where the first symbol of the ZigBee
preamble 1s received just too late and will not directly result
in a detection. As the preamble of a ZigBee data packet
comprises a repetition of eight symbols, eventually the
channel 1 signal will be detected. From this timing diagram,
it 1s also clear that 1t would be possible to listen to e.g. all
three ZigBee channels, or use antenna diversity in subse-
quent first listen periods T1. By shortening the second listen
period to e.g. 4 us, 1t would even be possible to listen to even
more ZigBee channels, see also the embodiments described
in relation to FIG. 3e-2 above.

As already mentioned above, 1in a further embodiment, the
first type of synchronization detection may comprise a cross
correlation detection scheme. In the schematic diagram of
FIG. 7 and FIG. 8 two alternatives are shown schematically
for an 1mplementation of a cross correlation detection
scheme for symbol timing and carrier frequency recovery in
direct-sequence spread spectrum systems, such as IEEE
802.15.4. The received sequence 1s cross correlated against
a known preamble sequence (1indicated by the blocks A-D at
the top of the schematic diagram of FIGS. 7 and 8) at every
(time oflset) rotated version of the preamble symbol and at
various carrier frequency oflsets. This accomplished n a
correlator unit 10, where the 1-bit coeflicients are shifted for
correlation operations using summation unit 12. After each
(time oflset) rotated version of the preamble symbol and
every carrier frequency offset (CFO) has been evaluated 1n
evaluation unit 13, the output with the highest magnitude 1s
determined 1n block 14. If this magnitude 1s above a thresh-
old, the packet data detection can begm using the estimated
timing oflset and frequency oflset, 1n the processmg block
15. A concurrent radio system receiver 2 requires this
computation to be performed rapidly so that the packet
arrival detection and acquisition procedure 1s completed on
time to begin the packet data detection process, i necessary,
at the start of the next first listen period T1.

As mentioned already, a hard-limiting radio front-end 9 as
part of the receiver 2 1s a good choice for concurrent radio
as 1t does not require an automatic gain control circuit
enabling fast switching time between standards/protocols. In
addition, with only 1-bit resolution, for both data and
correlation coeflicients, the parallel processing of the dia-
gram shown 1n FIG. 7 becomes computationally feasible for
a low-cost low-power device. Finally, measurements and
simulations have shown that this algorithm closely approxi-
mates the i1deal full-precision performance for IEEE
802.15 4.

An 1mportant feature of the cross-correlation implemen-
tation as shown in FIG. 7 for concurrent radio 1s that an
appropriate time-multiplexing schedule has been chosen so
that a complete preamble period 1s gathered for analysis, as
discussed above. This allows to more easily check all (time
oflset) rotated version of the preamble sequence by cycli-
cally shifting either the 1-bit coeflicients 11 or received
signal data to perform correlations at each time oflset. Or 1n
other wording, the cross correlation detection scheme com-
prises cyclically shufting coeflicients or received signal data
to perform correlations at each time oflset.

This algorithm has some drawbacks 1n the context of a
concurrent mode radio receiver 2 with a timing schedules
such as the ones described with reference to FIG. 354-d,
where the preamble 1s constructed from first listen periods
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T1 spread out in time. First, the observation time span
between parts “A” and “D” increases since some time 1S
spent listening to the other radio standard 1n second listen
periods T2. This decreases the bandwidth of each correlator
so that more parallel correlations are required to span the
inaccuracy of the carrier frequency. For example, 1f half the
time 1s spent listeming to BLE and half the time listening to
IEEE 802.15.4, then 1t would take twice as long to gather the
necessary received signal data and hence twice the number
of CFO correlators units 10 to achieve similar performance.
To make matters worse, depending on the frequency syn-
thesizer implementation, the phase of each part “A” to “D”
may be unknown since the phase of the carrier frequency
will have changed while listening to the other standard. To
resolve these problems with no complexity increase, a
non-linear correlation algorithm i1s provided 1n a further
embodiment as shown 1n FIG. 8.

In this exemplary embodiment, the correlation over a full
16 us preamble symbol i1s separated into four 4 us parts
according to the time multiplexing schedule as 1llustrated 1n
FIG. 4, using summation units 12a-124 and evaluation units
13a-13d as illustrated 1in FIG. 8. The magmtude of each
result (for part “A” to “D”) 1s combined together in com-
biner 16 to detect the packet arrival and synchronize to the
symbol timing of the received packet. The number of
required correlators 1s then related to the observation time
span of the shorter correlations so that the implementation
complexity 1s decreased relative to the above described
approach. For example, part “A” 1s only 4 us compared to
the 32 us time span between parts “A” and “D”. While this
dramatically reduces the number of parallel CFO correla-
tions saving power and area, 1t comes at some performance
penalty since the code sequence properties ol a preamble
sub-symbol are limited by the shorter sequence and some
correlation information 1s lost. To minimize the performance
loss, the length of the first listen periods T1 can be increased
so that less parts need to be combined together. E.g. using
the timing as described with reference to FIG. 3d the
preamble 1s divided into three equal parts of approximately
5.3 us mstead of four parts of 4 us, achieving some perfor-
mance improvement. In generic terms, the method may
turther comprise a subdivision using multiple cross correla-
tors wherein a magnitude of each sub-correlation 1s com-
bined. The number of multiple cross correlators then
depends on the length of the first listen periods selected, 1.e.
four 1n the case of 4 us parts, and three in the case of 5.3 us
parts. Alternatively, the evaluation units 13a-134d are imple-
mented using a COordinate Rotation Dlgital Computer
(CORDIC) scheme, in order to detect the packet without
losing performance. In this case, a CORDIC, or similar
hardware block, 1s used to compensate the phase rotation of
cach part i order to reconstruct the preamble without losing
phase information. So, again the method may further com-
prising a subdivision using multiple cross correlators
wherein a phase of each sub-correlation 1s corrected by a
phase rotation, and then combined.

In a further embodiment, the first and/or second type of
synchronization detection comprises an energy based detec-
tion scheme, e.g. a Received Signal Strength Indicator
(RSSI) based scheme. It 1s noted that the techniques for the
first type and second type of synchronization detection are
not mutually exclusive and can be combined for optimal
performance. E.g. this embodiment may be used to listen to
two BLE channels concurrently.

This embodiment allows to achieve an acceptable perfor-
mance at a lower complexity, by using an estimation of e.g.
the recerved signal strength to initially determine the arrival
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ol a packet. In this way, a packet 1s detected whenever the
received signal strength steps up above a certain threshold.
A subsequent correlation against the preamble and/or some
portion of the access address 1s then used to determine the
symbol timing and carrier frequency oflset. Or, 1 other
words, the first and/or second type of synchronization detec-
tion further comprises a subsequent correlation based detec-
tion. This additional acquisition step can be done using any
of the algorithms discussed above.

While detecting a packet by sensing an increase in the
received signal strength could 1in principle be used for both
IEEE 802.15.4 and BLE, 1t 1s most appropriate for detecting
BLE packets. IEEE 802.15.4 uses spread spectrum so that
the receiver can operate when the recerved signal strength 1s
close to the noise level. In the presence of a narrowband
interferer, the received signal strength of the desired packet
will often be below the received signal level of the interferer
and cannot be detected until after de-spreading. This renders
a simple energy detection for IEEE 802.15.4 unreliable and
the cross-correlation implementations described above with
reference to FIGS. 7 and 8 are more approprate. In contrast,
BLE 1s a narrowband system that can only operate at a high
signal to noise and interference ratio. This means that an
increasing step in the received signal strength will always
accompany the arrival of a packet making energy detection
methods quite reliable.

The present invention embodiments have been described
above with reference to a number of exemplary embodi-
ments as shown 1n the drawings. Modifications and alterna-
tive implementations of some parts or elements are possible,
and are included 1n the scope of protection as defined in the
appended claims.

The mvention claimed 1s:

1. Method for receiving data packet transmissions,
wherein synchronization with a transmitter 1s accomplished
based on detection of a preamble transmitted by the trans-
mittetr,

the method further comprising

using a time multiplexing scheduling of a single radio

receiver realized in hardware comprising a hard-limait-
ing radio front end coupled to at least one antenna
input, the time multiplexing scheduling having a main
time slot comprising a first listen period having a first
type of synchronization detection and a second listen
period having a second type of synchronization detec-
tion different from the first type of synchromization
detection with the second type of synchronization
detection following the first listen period,

wherein the time multiplexing scheduling 1s configured to

detect the preamble and collect preamble symbols over
a complete preamble period whenever the preamble
extends from the first listen period into the second
listen period and then to combine different received
portions of the preamble that 1s repeated to form a tull
preamble that 1s used for synchronization with the
transmuitter.

2. Method according to claim 1, wherein the first type of
synchronization detection 1s associated with a spread spec-
trum based transmission.

3. Method according to claim 1, wherein the second type
ol synchronization detection 1s associated with a non spread
spectrum based transmission.

4. Method according to claim 3, wherein synchronization
detection includes a synchronization on the preamble and
access address part of a received data packet.

5. Method according to claim 1, wherein the first type of
synchronization detection 1s based on detecting a data sym-
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bol 1n the preamble of a data packet, and the duration of the
main time slot 1s suflicient for detection of the data symbol.

6. Method according to claim 1, wherein the main time
slot comprises a switching time period between the first
listen period and the second listen period.

7. Method according to claim 1, wherein the first listen
period 1s equal to second listen period.

8. Method according to claim 1, wherein the first listen
pertod and the second listen period are sub-divided in

interleaved first listen sub-periods and second listen sub-
periods.

9. Method according to claim 8, wherein the main time
slot comprises n first listen sub-periods and n second listen
sub-periods, n being an iteger larger than 1.

10. Method according to claim 8, wherein two of the first
or second listen sub-periods are concatenated.

11. Method according to claim 1, wherein the first listen
period 1s longer than the second listen period.

12. Method according to claim 11, wherein during the first
listen period the first type of synchromization detection

comprises one of a plurality of first type synchronization
detection classes.
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13. Method according to claim 1, further comprising
storing data received during the second listen period, and
processing the stored data during a subsequent first listen
period, and vice-versa.

14. Method according to claim 1, wherein the first type of
synchronization detection comprises a cross correlation
detection scheme.

15. Method according to claim 14, wherein the cross
correlation detection scheme comprises cyclically shifting
coellicients or received data to perform correlations at each
time oilset.

16. Method according to claim 14, further comprising a
subdivision using multiple cross correlators wherein a mag-
nitude of each sub-correlation 1s combined.

17. Method according to claim 14, further comprising a
subdivision using multiple cross correlators wherein a phase
of each sub-correlation 1s corrected by a phase rotation, and
1s then combined.

18. Method according to claim 1, wherein the first and/or
second type of synchronmization detection comprises an
energy based detection scheme.

19. Method according to claim 18, wherein the first and/or
second type of synchronization detection further comprises
a subsequent correlation based detection.
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